Fatty acid hydroperoxide lyase (HPOL), an enzyme of the octadecanoid pathway that forms carbon-6 aldehydes such as n-hexanal or (Z)-3-hexenal, was cloned from Arabidopsis thaliana as a full-length cDNA. The HPOL activity obtained by expressing the cDNA in Escherichia coli formed n-hexanal from linoleic acid 13-hydroperoxide, whereas linoleic acid 9-hydroperoxide was not a substrate for the enzyme. The HPOL mRNA is expressed at low level in leaves; however, its accumulation can be found in the inflorescence. Wounding or methyl jasmonate treatments increase the mRNA level in leaves. These results indicate that the HPOL gene is up-regulated in leaves in response to wounding and that the enzyme may be an active component of the octadecanoid defense response.
phaseolicola as compared to a compatible one (Croft et al. 1993) . Involvement of C6 compounds in the resistance of soybean against Aspergillus flavus was also reported (Doehlert et al. 1993) .
In some cases, the aldehydes formed by HPOL are reduced by alcohol dehydrogenase to form C6-alcohols. A subset of these C6-alcohols are, in turn, further esterified to form acetates, butyrates, or glucosides. These HPOL products have been shown to have significance in plantinsect interactions. For example, pretreatment of cotton leaves with a lepidopteran, Spodoptera exigua, induces systemic resistance to the next challenge by the insects. At the same time, the herbivore-damaged cotton plants release significantly greater amounts of the HPOL products, which are thought to contribute to feeding deterrence in damaged plants (McAuslane and Alborn 1998) . In the case of an interaction between pea and Sitona lineatus, the weevil shows a high electroantennography response to (Z)-3-hexen-l-yl acetate, and it is suggested that this compound plays a key role in discriminating protein-rich pea from other acceptable leguminous species (Landon et al. 1997) .
Recently, the gene encoding bell pepper HPOL was cloned, and its sequence revealed that the enzyme is a member of P450 gene family (Matsui et al. 1996) . The protein lacks certain features usually found in the primary structure of most P450s, which may be consistent with its unique catalytic properties, i.e., oxygen and NADPH independency (Shibata et al. 1995) . In the P450 gene family, HPOL resides in a very distinct subfamily, CYP74B, with allene oxide synthase (AOS, CYP74A) which also acts on fatty acid hydroperoxide formed by lipoxygenase to form allene oxide, a precursor of jasmonic acid synthesis (Song et al. 1993 , Laudert et al. 1996 . As a first step toward examining the physiological role(s) of HPOL, we set out to clone HPOL from Arabidopsis thaliana and study its expression characteristics. HPOL mRNA is differentially expressed in vegetative and reproductive tissues of the plant and accumulates in response to wounding and methyl jasmonate (MJ) treatment. As the research reported herein was being completed, the Arabidopsis HPOL cDNA was isolated through the EST sequencing project and its expression was reported (Rojo et al. 1998 , Bate et al. 1998 ).
Materials and Methods
Plant material-Arabidopsis thaliana ecotype No-0 was grown in soil under 16 h light and 8 h darkness at 22°C at 65% relative humidity. For RNA isolation, the buds and flowers of one-month-old plants were divided into five parts as follows. Green buds were green and still tightly closed; no petals could be seen from the outside. In closed flowers, white petals could be seen above the calyxes; however, the petals were still tightly closed and pistils and stamens could not be seen from the outside. Open flowers had small siliques in the flowers; however, the petals were still tightly attached to the siliques and could not be removed except by rubbing the flower parts between one's fingers. Siliques were divided into two groups according to their length. Plants for wounding and MJ treatment were grown for 3 weeks. For wounding, each leaf was wounded once with a hemostat on the upper third of the leaf in line with the midvein. In each rosette, half of the leaves were wounded and half were not; these are referred to as local and systemic leaves, respectively, in the text. As a control, some plants were touched to approximate the same handling that wounded plants received. For MJ treatment, plants were enclosed in airtight 9.25 liter jars, neat MJ (10 or 5OyUl, Aldrich Co. Milwaukee, WI) was applied onto four cotton swabs, and the swabs were placed in the jars without directly touching the plants. The cotton swabs with fresh MJ were changed every time the lid was opened for sampling. For pathogen induction experiments, spores of Botrytis cinera Cal 1 were sprayed onto the rosette leaves of 3-week-old plants. For the control, 1% glucose, which was used for suspending the spores, was sprayed.
cDNA cloning-Total RNA was prepared from seedlings, inflorescences, or siliques with TRIzol reagent (Life Technologies, Gaithersburg, MD). A cDNA pool was constructed from the RNAs using a Marathon cDNA Amplification Kit (Clontech, Palo Alto, CA). The primers used for 5'-RACE PCR were HPOL28 (CGGTTCCTCTGCGCCTCTCTCGCCGGCG) and HPOL13 (CTTGGCGTAGTTCCTCAGCCTCTTG), and for 3-RACE PCR, HPOL21 (GCGGAACCGGAGGACTAAAACGCAGC) and HPOL14 (CCCGGATCCGCAAACTCTCCTGACTTCGG). Amplification was done with Advantage cDNA Polymerase Mix (Clontech). The temperature program used was: 2min 95°C, 5 s 94°C, 4 min 72°C, 5 cycles; 5 s 94°C, 4 min 70°C, 5 cycles; 5 s 94°C, 4 min 68°C, 20 cycles. The PCR products were cloned into the pCR2.1-TOPO vector with a TA-Cloning Kit (Invitrogen, Carlsbad, CA). A full-length cDNA was reconstructed with the overlapping 3'-and 5'-RACE PCR products. For heterologous expression of Arabidopsis HPOL in E. coli, a fio/wHI site was introduced just before the start codon of the cDNA by PCR, then, the open reading frame was introduced to pQE-30 (Qiagen, Valencia, CA). The construct forms a protein having all amino acid sequence coded by the cDNA with additional amino-terminal sequence of MHHHHHHGS originated from the pQE-30 vector. The construct was transformed into E.coli M15[pREP4] . Expression was induced by adding isopropyl-/?-D-thiogalactopyranoside (IPTG) to a concentration of 1 mM to the early logphase culture. In order to express active HPOL, the cells were incubated at 16°C after addition of IPTG and grown for 24 h. The HPOL activity was determined by the A A234 method, as well as by head-space GC with linoleic acid 13-or 9-hydroperoxides (Shibata et al. 1995) .
RNA blot analyses-Total RNA was isolated using TRIzol reagent. RNA samples (10-20 fig) .were separated by electrophoresis on formaldehyde-agarose gels. Staining with ethidium bromide was used to verify even loading of samples. After the gels were washed with distilled water and then with 10 x SSC, the RNA was transferred to Hybond-N (Amersham) membranes by capillary transfer, and cross-linked to the filter by baking at 80°C for 2h. The filters were hybridized overnight with a probe corresponding to the 5'-half of the cDNA at 65°C in 6xSSC, 5x Denhardt's solution, 0.2% SDS, 20jUg ml" 1 salmon sperm DNA, 20 mM sodium phosphate buffer, pH7.0. The membrane was washed once with 2xSSC, 0.1% SDS at 60°C for 20 min and twice with 0.1 x SSC, 0.1% SDS at 60°C for 20 min each. With some membranes, the HPOL probes were stripped completely with boiling 0.1% SDS solution, then re-hybridized with an AtLox2 probe (2,100-bp Sacl fragment of the AtLox2 clone, Bell and Mullet 1993) .
Results
Gene structure of Arabidopsis HPOL-BLAST searches (Altschul et al. 1997 ) of the GenBank database showed that one of the open reading frames deposited through the Arabidopsis genome project (ATFCA4, GenBank accession No. Z97339) has high sequence homology to bell pepper HPOL. We cloned a cDNA corresponding to the gene by a combination of RT-PCR and RACE PCR methods. The cDNA has a sequence of 1,687 bp, with 47 and 137 bp of 5'-and 3-noncoding region, respectively. There is a stop codon in the 5'-noncoding region in-frame with the initiation codon. The longest ORF encodes a polypeptide of 492 amino acids with a calculated molecular mass of 54,851 Da. The protein encoded by the cDNA was expressed in E. coli. A protein band that cross-hybridized with antiserum raised against bell pepper HPOL could be detected in the E. coli cell lysate, and HPOL activity could be detected by the Z1A234 method and head space GC method when linoleic acid 13-hydroperoxide was provided as substrate. In constrast, when linoleic acid 9-hydroperoxide was provided, the activity could scarcely be detected. These results indicate that the cDNA encodes HPOL having a specificity for fatty acid 13-hydroperoxides. From the genomic sequence published in the GenBank database, it has been determined that the Arabidopsis HPOL gene on chromosome 4 consists of two exons interrupted by one intron (Fig. 1) . Genomic Southern blot analysis under high stringency detected a single gene of HPOL in Arabidopsis (not shown). Organs from aerial part of one-month-old Arabidopsis plants were analyzed. Total RNA was extracted and 10n% were subjected to RNA-blot analysis. The specific mRNAs were hybridized with the probe shown in Figure 1 . Membrane was exposed for 16 d.
Expression of HPOL-As
expression of the HPOL gene was seen in the inflorescence. The size of the transcript detected is approximately 1.7 kb, which is in good agreement with the length of cDNA isolated here. Extra bands of about 3.0 and 3.3 kb appear after longer exposure of the membrane. One of the mRNA species corresponding to these bands might be formed by read-through of the intron-exon junction during transcription (see Fig. 1 ). Rojo et al. (1998) also reported two hybridizing mRNA bands of different size on Northern blots using the Arabidopsis HPOL gene as probe. Expression of HPOL in rosette leaves was very low; however, the younger, cauline leaves showed higher expression than rosette leaves. Little expression was observed in stems. Expression of the gene in the inflorescence was significantly high. In order to examine the expression pattern in the reproductive tissues in greater detail, we divided buds and flowers of one-month-old plants into five parts. Within these organs, the young siliques showed highest expression of HPOL. As the siliques matured, the amount of HPOL mRNA decreased. Within flowers, the highest expression was seen with the youngest green buds, then the amount decreased rapidly. The amount in open flowers is a little higher than that in closed flowers.
It has been reported that insect feeding damage induces formation of various volatile compounds, including HPOL products (Rose et al. 1996, Pare and Tumlinson 1998) . Such an induction can be observed even in plant tissue distal to the direct damage. As shown in Fig. 3A , high levels of HPOL induction were seen in leaves wounded with a hemostat. The induction is distinct after 6 h of the treatment and the amount of HPOL mRNA increased at least until 24 h. With the systemic leaves, induction of HPOL was also evident. After 6 h of the treatment, the level of HPOL mRNA is almost the same as that in local leaves; however, the amount increases only slightly (kbp) afterwards and at 24 h the level is much lower than that of the local leaves sampled at the same time. It has been reported that one of the Arabidopsis lipoxygenase genes, AtLox2 is also induced by wounding treatment (Bell and Mullet 1993) . Because lipoxygenase forms the substrate of HPOL, we tested whether induction of AtLox2 is coordinated with that of HPOL. As shown in Fig. 3B , the accumulation of AtLox2 mRNA occurred within 6 h both in the local and systemic leaves, but the accumulation is transient and after 24 h of the treatment, the amount of the mRNA decreased to the basal level. Evidently, the temporal patterns of induction of HPOL and AtLox2 after wounding are different. It is well-established that the wounding signal is, in many cases, mediated with jasmonates (Sembdner and Parthier 1993) . Furthermore, it has been reported that atmospheric MJ enhances the production of several volatile C6-compounds (Avdiushko et al. 1995) . These observation suggest that HPOL is also under the control of MJ. As shown in Fig. 4A , distinctly higher expression of the HPOL gene can be found after 48 h of the MJ treatment. The highest induction can be seen after 48 h and the levels decline thereafter. With higher amounts of MJ, greater induction of the HPOL mRNA can be detected. Concomitantly, HPOL activity in Arabidopsis leaves is also increased. Before the treatment, HPOL activity in rosette leaves is 2.05±0.09 nmol mg~' min~'. After MJ treatment for 72 h, it increased to 3.71 ±0.52 nmol mg" 1 riiin" 1 while control leaves without MJ showed the activity of 2.26± 0.32 nmol mg" 1 min~'. In order to determine whether the expression of the HPOL gene after MJ treatment is regulated cooperatively with that of AtLox2, the membrane was re-hybridized with an AtLox2 probe. As shown in Fig. 3B , AtLox2 expression is also enhanced by MJ treatment. Distinct enhancement of the expression of AtLox2 mRNA is apparent at 24 h after the onset of the MJ treatment. The response of AtLox2 to MJ is apparently faster than that of HPOL.
Discussion
Based on sequence information submitted through the Arabidopsis genome project, we utilized PCR strategies to isolate a full-length cDNA encoding HPOL. Expression in E. coli confirmed the clone as HPOL specific to 13-hydroperoxides. Differed from the observation by Bate et al. (1998) , the full-length protein expressed in E. coli had high activity. Our expression analyses indicate that the Arabidopsis HPOL gene is a new member of the wound-and MJ-inducible genes. Furthermore, in the present study, we provide evidence of systemic induction of the HPOL gene upon wounding. Examination of the putative promoter region of the Arabidopsis HPOL gene showes that there is a G-box motif (AAACACGTGTTT) 1,345 bp upstream of the transcription initiation site (Fig. 1) . This motif is commonly found in the promoter sequences of genes induced by jasmonates (Mason et al. 1993) . A motif, TGACG, which was found to be essential for jasmonate-inducibility of barley Loxl (Rouster et al. 1997 ) is also found 377 upstream of the transcription initiation site of the Arabidopsis HPOL gene. It seems highly probable that either one or both of these elements in the Arabidopsis HPOL promoter play a crucial role in its jasmonate-responsiveness. AtLox2 is also known to be a member of the woundand jasmonate-inducible genes; however, the temporal pattern of expression of the HPOL gene after wounding-and MJ-treatment is different from that of AtLox2. In fact, the present study showed that induction of HPOL upon these treatments is significantly slower than that of AtLox2. Heitz et al. (1997) reported that a chloroplast-targeted lipoxygenase in tomato leaves, TomLox D, is transiently induced by MJ. The induction of TomLoxD by MJ started as soon as thirty minutes after the treatment, while mRNA of one of the other jasmonate-responsive genes, proteinase inhibitor I, started to accumulate three hours after the treatment. Heitz et al. (1997) classified TomLoxD as an "early responsive gene", which also includes tomato prosystemin and AOS. From the data presented by Bate et al. (1998) , it was suggested that Arabidopsis AOS is also a member of the "early responsive genes" while Arabidopsis HPOL should be categorized as a "late responsive gene", similar to tomato proteinase inhibitors and polyphenol oxidase. Thus, it can be concluded that although several genes are regulated by wounding and jasmonate, they are regulated in different ways, and there are at least two distinct signal transduction pathways having different timings of response. In general, early responsive genes are involved directly in signal transduction pathway, e.g., formation of systemin, and jasmonates, while the products of late responsive genes and/or the compounds formed by them, such as C6-aldehydes and polyphenols, function as defensive agents against biotic and abiotic attacks on plants.
From the finding that Arabidopsis HPOL is a member of the MJ-inducible genes, its spatial pattern of expression in plants may also be explained. It has been suggested that the level of jasmonates in plant tissues are developmentally regulated as well as regulated in response to biotic and abiotic stress (Creelman and Mullet 1997) . In soybean plants, jasmonates levels were highest in young leaves, flowers, and fruit, especially in the pericarp. As shown above, higher expression of the HPOL gene can be observed in younger tissues such as green buds and immature silliques. Although the expression in leaves is relatively low, higher expression can be detected in younger, cauline leaves than in older, rosette leaves. These results suggest that the spatial pattern of the expression is at least partly under the influence of the jasmonates levels in the respective tissues, as is well-known for vegetative storage proteins (Staswick 1994) . The accumulation of jasmonate-induced proteins such as HPOL or the proteinase inhibitors in young tissues and reproductive tissues could offer some level of constitutive defense against insects.
It has been reported that some plants respond to insect feeding damage by releasing volatile compounds that attract natural enemies of the insect herbivores (Takabayashi and Dicke 1996, Lewis et al. 1997) . Pretreatment of cotton leaves with a lepidopteran, Spodoptera exigua, induces systemic resistance to the next challenge by the bugs, and the resistance is thought to be mediated at least partly by the formation of greater amounts of the HPOL products, which contribute to feeding deterrence in the damaged cotton plants (McAuslane and Alborn 1998) . From the results presented here, it is conceivable that wounding caused by insects induces HPOL gene expression both locally and systemically through the jasmonate-mediated signal transduction system, which results in greater for-mation of the volatiles. On the other hand, we did not observe any change in the amount of Arabidopsis HPOL mRNA after infection of one-month-old plants with a pathogenic fungus, Botrytis cinera (not shown). Treatment of tabbaco leaves with salicylic acid, known to be a potent and endogenous signal molecule to induce PR-response in plants, had little effect on C6-aldehyde formation (Itai et al. personal communication) . Meanwhile, salicylate has been reported as a potent inhibitor of HPOL (Shibata et al. 1995) . Salicylate has been reported to modify serine residues of AOS, which leads to its irreversible inactivation (Pan et al. 1998) . By aligning the sequences of all CYP74s reported so far it was found that all the serine residues are well-conserved within the CYP74 family to which Arabidopsis HPOL belongs. These observations; concomitant with the current knowledge about the cross-talk between jasmonate-mediated and salycilic acid-mediated signal transduction pathways (Niki et al. 1998) , indicates that HPOL is not a PR-gene but a gene related to hervibore attack. Interestingly, greater quantities of the volatiles are formed by insect feeding than by mechanical damage alone (Rose et al. 1996) , which suggests that de novo biosynthesis of volatiles is triggered by an elicitor in the oral secretions of the feeding insects.
We thank Drs. J.E. Mullet and R.A. Creelman (Texas A & M University) for their generous gift of AtLox2 clone.
